We present an upgraded version of a previously published 3-D density model of the Andean subduction zone between 18
I N T RO D U C T I O N
The Chilean margin along the southwestern coast of South America (SA) is the type locality of strongly compressive subduction zones (Uyeda & Kanamori 1979; Heuret & Lallemand 2005) . Plate convergence between Nazca (NZ) and SA occurs at rates of 66 mm yr -1 in a nearly perpendicular direction with respect to the NS-oriented trench axis (Kendrick et al. 2003; Ruegg et al. 2009 ). Rapid convergence is partially absorbed as crustal shortening and thickening to produce the largest non-collisional orogen on the Earth, the Andes Cordillera (Isacks 1988; Oncken et al. 2006) . Long-term dynamic support of the Andes requires elevated shear strength along the interplate seismogenic zone (Yáñez & Cembrano 2004; Lamb 2006) , which leads to the largest megathrust earthquakes on the planet. The geometry of the subducted slab changes along the margin between normally dipping (30
• ) and subhorizontal (<10 • ; Cahill & Isacks 1992) , controlling the locus of magmatic chains and volcanic gaps (Stern 2004) . A better understanding of this rich range of geodynamic processes can be gained if sufficient knowledge is provided on the current anatomy, that is, 3-D structure, of the Andean margin.
Here we present an upgraded version of the 3-D density model of the NZ Plate and the Andean margin published by Tassara et al. (2006, hereafter T06) . T06 model was constructed by forward modelling the Bouguer gravity anomaly under the constraints of published geophysical data and is a continental-scale representation of the internal structure of NA and SA plates. Electronic material accompanying T06 has been used for a number of quantitative approaches. This includes the complementation of isotopic data for the delineation of crustal domains at the Central Andes (Mamani et al. 2008) , characterization of continental lithosphere thickness and comparison against the elastic thickness (Pérez- Gussinyé et al. 2008) , constraining the 3-D forearc structure below a first-order seismic segment boundary ), prediction of the rheological stratification of the lithosphere contributing to the understanding of Andean mountain building processes (Farías et al. 2010) , computation of vertical stresses loading the Chilean megathrust with implications for the recognition of seismic asperities (Tassara 2010 ) and the definition of geometries for a 3-D finite element model that has been applied to estimate coseismic slip distribution for the M w 9.5 1960 Valdivia Earthquake (Moreno et al. 2009 ) and pre-seismic locking before the M w 8.8 2010 Maule Earthquake (Moreno et al. 2010) .
In this upgraded version of the 3-D density model of the NZ Slab and Andean margin we increased the along-strike resolution of the 162 A. Tassara and A. Echaurren model with respect to T06, using a high-resolution and spatially continuous Bouguer anomaly computed from the Earth Gravitational Model 2008 (Pavlis et al. 2008 and incorporating seismic constraints published after the creation of T06. We describe methods, data and results obtained after this upgrading. As an example of the utility of our well-constrained model, we compare the new geometries of the slab and continental crust against global-scale models to show that such models are good first-order representations but they fail describing important details of the Andean structure. We think that geometries for the slab upper surface, continental lithosphere-asthenosphere boundary (LAB), continental Moho (CMH) and intracrustal discontinuity (ICD) that we present here as Supporting Information will be of usefulness for a number of quantitative applications related to short-and long-term geodynamic, tectonic and seismogenic processes occurring inside the Andean margin.
M E T H O D
To describe the distribution of masses inside the Andean subduction zone between 5
• S and 45
• S, the T06 model considers a number of 3-D bodies to represent the density structure of the oceanic NZ Plate, subducted slab and overriding South American Plate (Fig. 1) . A constant value of density is assigned to each of these bodies based on petrophysical considerations that take into account the expected lateral variations of composition and pressure-temperature conditions below the margin [ Fig. 1 ; see details of the model design and assignation of density values in Tassara et al. (2006) ]. The 3-D density structure of T06's model was triangulated from 43 vertical cross-sections that are parallel to the convergence direction and separated by one geographic degree between them. For each cross-section, the model visually integrates available sources of geophysical data to constraint the geometry of first-order density discontinuities like the slab upper surface, the LAB below the continental plate, the CMH and an ICD that separates upper (light) and lower (dense) crustal bodies. The gravity effect of the triangulated 3-D density structure is computed following a formulation described elsewhere (Goetze & Lahmeyer 1988) and then visually compared along each section against the observed Bouguer anomaly. By iteratively changing the position of vertices that form density discontinuities for each section in accordance to independent geophysical information, the selected final model produces the best possible fit between the observed and computed Bouguer anomaly. The alongstrike (trench-parallel) resolution of the T06 model is limited to half of the distance between each cross-sections (∼50 km), whereas Figure 1 . Cross-section of the 3-D density model. This section intersects the trench axis at 32.8 • S, runs parallel to the convergence direction and is shown as an example of the IGMAS software that was used to construct the present model. Upper panel: curves for the measured (meas Gz) and model-calculated (calc Gz) Bouguer anomaly, which almost coincide along this section (as for the rest of the model). Lower panel: it shows the structure of the density model as formed by different bodies of constant density (each with a different colour). Values of density for bodies forming the upper plate are shown in parenthesis in units of kg m -3 . Values of density for the subducted slab are not shown because they change from north to south in accordance to variations in the slab age at the trench (see Tassara et al. 2006 for details). The right-hand part shows the acronyms and definition for the slab upper surface (SLAB), continental lithosphere-asthenosphere boundary (LAB), continental Moho (CMH) and intracrustal discontinuity (ICD). The figure includes new seismic constraints for the CMH and SLAB contained as points in the compiled database (see references in the legend of the upper panel) that were used to modify the geometries of these discontinuities with respect to those of the T06 model (legend in the lower panel).
Anatomy of the Andean subduction zone
163 the across-strike resolution is higher because short-wavelength features (∼10 km) of the Bouguer anomaly are directly fitted for each section.
The new version of the model was constructed using a recent edition of the Interactive Gravity and Magnetic Application System (IGMAS, http://www.gravity.uni-kiel.de/igmas/). It has the same east-west length than that one in T06 model (85-60
• W) but covers only the Chilean part of the NZ-SA convergent margin between 18
• S. This upgraded version is constructed by triangulation between 55 vertical cross-sections that are oriented following the convergence direction (as for the T06 model) and are separated by 0.5
• in latitude. Thus, the along-strike resolution is now 25 km, doubling the resolution of T06's model.
DATA

Bouguer anomaly
Gravity data used by the T06 model is a compilation of point measurements inland and altimetry-derived marine gravity data that were used to compute the simple Bouguer anomaly (i.e. without terrain corrections) following standard procedures (Blakely 1996) and tied to the WGS84 reference ellipsoid. For this upgraded version of the 3-D density model we use the release 2008 of the Earth Gravitational Model (EGM2008; Pavlis et al. 2008 ). The EGM2008 model is an optimized combination of available land data, marine gravity from satellite altimetry and data obtained by the Gravity Recovery And Climate Experiment (GRACE) satellite mission. The EGM2008 model has been released as a spherical harmonic representation and is complete until degree and order 2159, meaning a spatial resolution of ca. 10 km. From the International Center for Global Earth Models (http://icgem.gfzpotsdam.de/ICGEM/ICGEM.html) we downloaded the so-called classical gravity anomaly computed by ICGEM from EGM2008 with reference to the WGS84 ellipsoid, ensuring its direct comparison with the T06 gravity database. This corresponds to the free air anomaly computed at the ellipsoid surface, from which we then calculated the simple Bouguer anomaly following a procedure described elsewhere (Tassara et al. 2007) ; this considers computing a simple Bouguer correction from GEBCO topography/bathymetry data (http://www.ngdc.noaa.gov/mgg/gebco/gebco.html) using an infinite slab with density 2670 kg m -3 onshore and 1650 kg m -3 offshore. The Bouguer corrections were low-pass filtered with a cut-off wavelength of 20 km, which ensures that short-wavelength noise due to a rough topography will not be introduced into the calculated Bouguer anomalies. Terrain corrections were not included to produce a simple Bouguer anomaly comparable with the one used in the T06 model.
We produce a regular Bouguer anomaly grid for the area of study with a spatial resolution of 5 km, that is, forcing the EGM2008 model to half of its maximum spatial resolution. The error in the free-air gravity anomaly estimated for EGM2008 varies with wavelength but reaches 5-10 mGal at the maximum degree and order used here (Pavlis et al. 2008) . Fig. 2 shows differences between Bouguer anomaly values contained in T06's database and the EGM2008-derived grid used here. This map shows the irregular and locally poor spatial distribution of land gravity stations used by the T06 model. Although the public documentation of EGM2008 does not describe the origin and distribution of land data included on it, this model likely considers the same data used by T06 for the Andean region, which were those gravity data publically available at the time of publication. Therefore, the small difference observed in Fig. 2 between T06 and EGM2008 for most of the onshore Andean margin is to be expected. For high-topography regions of the central Andes where land gravity data were not included in the T06 database and probably are also lacking in EGM2008, Bouguer anomalies are mostly derived from a topography-based prediction of gravity and complemented with GRACE observations at long wavelengths (Pavlis et al. 2008) . This means that there are still relatively large uncertainties in the gravity field at short wavelengths (<50 km) for such regions. Nevertheless, we preferred to use the EGM2008 in our study because it allows a spatially continuous and regular representation of the Bouguer anomaly for the entire area of interest. Fig. 2 remarks that for most of the study area the differences between old and new gravity data are lower than the average error in the Bouguer anomaly reported by T06 (±20 mGal). For areas where the difference is larger than this value, the upgraded density structure must be modified with respect to that one considered by the T06 model to compensate changes in the observed gravity field.
Seismic data
We compiled relevant seismic information published after the creation of the T06 model (mid 2005), which is used to further constraint the geometry of the subducted slab and CMH (Figs 1 and 2) . For the slab geometry we added to the previous seismicity database new hypocentre determinations from temporal, local seismic networks (Anderson et al. 2007; Lange et al. 2007; Haberland et al. 2009 ) that complement teleseismic location hypocentre information from updated versions (end 2010) of the Centennial Catalogue (Engdahl & Villaseñor 2002 ) and the National Earthquake and Information Center (NEIC) Preliminary Determination of Epicenter (PDE) catalogue. We also digitized the upper surface of the slab as imaged by active source seismic profiles (Sallares & Ranero 2005; Krawczyk et al. 2006; Contreras et al. 2008; Scherwath et al. 2009; Moscoso et al. 2011) and modified the geometry of the crust-mantle boundary adding new constraints from receiver function studies (Maksymowicz 2005; Gilbert et al. 2006; Heit et al. 2008; Woelbern et al. 2009; Perarnau et al. 2010) and teleseismically recorded Moho reflections (McGlashan et al. 2008) . Fig. 1 shows one modelling cross-section extracted from the original IGMAS model as an example of how this seismic information is used to constraint and modify the geometry of the slab upper surface and the CMH.
R E S U LT S
The final geometries for the slab upper surface (SLAB), continental LAB, CMH and ICD that resulted after this upgrading are presented as Supporting Information in the form of ASCII tables that contain the position (longitude, latitude and depth below sea level) of vertices defining each discontinuity across the modelled sections. Using the adjustable tension continuous curvature surface gridding algorithm of the Global Mapping Tools (Wessel & Smith 1991) , we interpolate these vertices into regular and continuous grids of 5 × 5 km cell size to produce maps showing the topography of each discontinuity below the Andean margin (Figs 3A-D) . Depths uncertainties arise from original uncertainties in the geophysical information used to constraint each discontinuity (as discussed by T06) and produce average values of 10 km for SLAB and LAB, 5 km for CMH and 2 km for ICD. These uncertainties do not consider 164 A. Tassara and A. Echaurren et al. 2008) , which is used here. Squares, lines and circles show the location of seismic data added to the T06 database during the present upgrading. Black arrow shows current convergence velocity vector (Kendrick et al. 2003) . Red line shows the location of cross-section of Fig. 1. the fact that terrain corrections were not applied in the computation of the Bouguer anomaly for both models. Terrain corrections for regions of the Andean margin characterized by an extremely high relief (e.g. near the coast of northern Chile, Eastern Cordillera of Bolivia and eastern flank of the Frontal Cordillera in Argentina) can contribute maximum values of 10-25 mGal (Goetze & Kirchner 1997) . These values are inside the general error of the gravity anomaly assumed by T06 model but are larger than the error of the EGM2008-derived Bouguer anomaly used in this new version. Considering that the SLAB, LAB and CMH geometries are mostly constrained by independent seismic information, errors in the Bouguer anomaly caused by avoiding terrain corrections would translate into further uncertainties in the ICD geometry. Following the sensitivity analysis presented by Tassara et al. (2006) , this will imply that the depth to the ICD in our model can be overestimated by up to 3 km for high-relief regions at local scales. Future versions of the model will incorporate terrain corrections in the computation of the complete Bouguer anomaly to reduce sources of uncertainties and errors in the final geometry of the ICD at local scales. Nevertheless, we think that the regional-scale tendency of the ICD would not change compared to this present version.
To better appreciate changes incorporated to these geometries during the present upgrading, we compute the depth difference between new and old geometries for every vertex of each discontinuity of the upgraded model, and produce discrete grids from them ( Figs 3E-H) . Regional changes in the geometry of SLAB are larger than its uncertainty below the southern Chile forearc (around 74
• W; 43
• S) where new seismic data show that the slab is 15-25 km deeper than estimated by T06's model, and for the Argentinean flat-slab (around 68
• W; 30
• S) where newly incorporated seismicity from local-to-regional studies imposes 10-20 km shallower depths of the slab. Because no additional information has been incorporated to constrain the LAB geometry, it shows no significant changes other than some variations introduced to follow changes on SLAB and CMH. New seismic constraints for the CMH impose notable deepening (up to 20 km) below the northernmost and south-central Chile forearc and a shallowing (5-10 km) in areas eastwards of these regions. Variations in the subcrustal mass distribution generated by changes in SLAB, LAB and CMH geometries are compensated in terms of the forward gravity modelling by reciprocal changes in the ICD geometry. However, large amplitude (>10 km absolute value) and short-wavelength (<20 km) difference between old and new ICD geometries are mostly due to differences between Bouguer anomaly data used for both versions of the model. This is most notable along the high cordilleran region of central Chile and Argentine where T06 model had no gravity data, the EGM2008 gravity model is relatively less confidential and terrain corrections are likely the largest; therefore, the ICD geometry here should be considered and interpreted with caution.
C O M PA R I S O N A G A I N S T G L O B A L -S C A L E M O D E L S
We further compare the new SLAB and CMH geometries against estimates of the global-scale models Slab1.0 (Hayes et al. 2012) and Crust2.0 (Bassin et al. 2000) to test the ability of these models for describing the 3-D structure of the Andean margin. This comparison (Fig. 4) is shown here as an example of the kind of analysis that is possible with our well-constrained model. in the ASCII table sam_slab1.0_clip.xyz available from the Slab1.0 website (http://earthquake.usgs.gov/research/data/slab). For most of the studied region, both models agree between a 10 km uncertainty limit. This is particularly true below the Chilean forearc where Slab1.0 makes a good job describing the megathrust geometry (which is the main goal of this global model), even considering that it does not include several of the seismic data incorporated in our model (Anderson et al. 2007; Lange et al. 2007; Contreras et al. 2008; Moscoso et al. 2011) . However, Slab1.0 overestimates by a large magnitude (10-40 km) the depth to the slab in the Argentinian flat-slab region in comparison to our modelling where refined seismicity estimations from local seismic studies (Anderson et al. 2007 ) combined with recent teleseismic data are included. The large positive difference below northwestern Argentina, where almost no seismicity is recorded at 200-400 km depth by teleseismic catalogues used by both models, is due to the fact that Slab1.0 prefers a larger upward convexity than our model to link intermediate-depth (<200 km) and deep (>550 km) seismicity. Fig. 4 (B) depicts depth difference between our CMH grid and estimates of the CMH depth contained in the gridded ASCII file map2.t7.gmt available from the Crust2.0 website (http://igppweb.ucsd.edu/gabi/rem.html). This model is based on a compilation of active seismic profiles that is used in combination to the age and tectonic regimen of a given region to assign types of crustal structure to grid nodes at a 2
• × 2 • resolution covering the entire Earth. For most of the planet where no seismic profiles are directly used (the case of SA), Crust2.0 can be considered a prediction of the crustal structure. Fig. 4(B) shows that this prediction, although very coarse in resolution, is quite good for most of the nodes that cover our model region, particularly below Argentina where both models coincide between a 5 km uncertainty limit. However, the Moho depth of Crust2.0 is 10-25 km lower than our estimate below the extremely thick (75-80 km) and good-constrained Bolivian Altiplano Crust. Moreover, the largest discrepancies are notable below the Chilean side of the margin, where Crust2.0 either underestimate crustal depths (offshore region between 18
• S and 27
• S) or overestimates the depth to the Moho, reaching differences with our model as large as 25-40 km (29
• S and 33 • S). These large differences in the forearc region, where we use several seismic constraining data, could be explained because the crustal structure here is intrinsically complicated by the intersection of the continental margin and the slab along the subduction interface. Our study shows that paying attention to the details of subduction zone structure should improve new versions of global crustal models.
C O N C L U D I N G R E M A R K S
This upgraded version of the gravity-derived 3-D density model of the Andean margin integrates most of the seismic data reported in the literature in a unified and well-constrained continental-scale
S U P P O RT I N G I N F O R M AT I O N
Additional Supporting Information may be found in the online version of this article: Table S1 . The final geometries for the Slab upper surface (SLAB), in the form of an ASCII table that contain the position (longitude, latitude and depth below sea level) of vertices defining each discontinuity across the modelled sections. Table S2 . As Table S1 , but for continental lithosphereasthenosphere boundary (LAB). Table S3 . As Table S1 , but for continental Moho (CMH). Table S4 . As Table S1 , but for intracrustal discontinuity (ICD).
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